. The opaque endosperm phenotype, with an increased starchy region and decreased kernel hardness, is mostly associated with altered accumulation of zeins (Holding and Larkins, 2006; Wu and Messing, 2010) . Our understandings of the mechanisms determining zein accumulation come largely from the study of opaque mutants.
A number of maize mutants with an opaque or floury kernel phenotype have been identified, including three classes: recessive mutants, semi-dominant mutants, and dominant mutants (Gibbon and Larkins, 2005) .
Four genes corresponding to recessive mutants (opaque1 (o1), o2, o5, and o7) have been cloned (Schmidt et al., 1990; Miclaus et al., 2011; Myers et al., 2011; Wang et al., 2011; Wang et al., 2012) , the majority of which result from defects in storage protein synthesis which affects endosperm texture. For example, O2 encodes a transcriptional factor that positively regulates the expression level of 22kD α -zeins (Damerval and Devienne, 1993) . O7 is an acyl-activating enzyme-like protein that influences amino acid and zein protein synthesis (Wang et al., 2011) . O1 encodes a Myosin XI Motor Protein that affects protein body formation by disrupting ER morphology and motility (Wang et al., 2012) . Four genes corresponding to semi-dominant or dominant mutants (floury1(fl1), fl2, have also been cloned (Holding et al., 2007; Coleman et al., 1997; Kim et al., 2004 Kim et al., , 2006 . Fl1 encodes an ER membrane protein involved in facilitating the localization of 22kD α -zein in the protein bodies (Holding et al., 2007) . The other semi-dominant and dominant mutants that have been cloned affect storage proteins themselves. fl2 encodes a 22kD α -zein with defective signal peptide (Coleman et al., 1997) . De-B30 is a 19kD α -zein with a single amino acid replacement, resulting in a defective signal peptide (Kim et al., 2004) . Mc encodes a 16kD γ -zein with a frame shift mutation (Kim et al., 2006) . These mutants manifest a general reduction in zeins, exhibit disrupted zeins deposition and protein body deformation, and stimulate the ER stress response (Coleman et al., 1997; Kim et al., 2004 Kim et al., , 2006 . However, the mechanism underlying the starchy endosperm phenotype in these mutants is not fully understood.
Folding of proteins in the ER lumen includes three modifications: signal peptide cleavage, N-linked glycosylation, and disulfide bond formation, all of which require ER-resident molecular chaperones (Petersen et al., 2011) . The ER stress response is a conserved mechanism that deals with misfolded or unfolded proteins. Signal peptide removal is an early step in protein folding, the failure of which can trigger ER stress responses (Braakman and Hebert, 2013) . Cells are equipped with a exquisite ER quality control system (ERQC) (Deng et al., 2013) and a group of cell-sparing mechanisms under conditions of ER stress, including the endoplasmic reticulum associated degradation (ERAD) (Gillece et al., 1999) , the unfolded protein response (UPR), and increased phosphorylation of eukaryotic translational initiation factor 2 α -subunit (eIF2α) which slows protein synthesis (Harding et al., 1999) .
Programmed cell death (PCD) may occur if these cell-sparing mechanisms are exhausted (Liu et al., 2010) . In fl2, De-B30 and Mc mutants, significant ER stress occurs that increases the amount of molecular chaperones, including binding protein (BIP), and decreases the amount of storage protein in the seed (Coleman et al., 1997; Kim et al., 2004 , 2006 , Kirst et al., 2005 . But how these mutants deal with ER stress merits further investigation.
In this study, we characterized floury4 (fl4), a novel semi-dominant opaque maize mutant that has small, misshapen and aggregated protein bodies, along with a dilated ER. fl4, which was identified by a combination of 
Results
fl4 is a semi-dominant opaque mutant that produces small, misshapen, and aggregated protein bodies
The original opaque mutant stock was obtained from the Maize Genetic Stock Center as number 5512G. It was crossed to the W22 inbred line, and a F2 population produced from the F1 progeny. The kernel phenotype in the F2 population displayed 1:2:1 segregation of fully opaque, semi-opaque and vitreous endosperm, respectively ( Figure 1A ), demonstrating that the mutation in the 5512G stock is semi-dominant, belonging to the floury endosperm category. Gross genetic mapping placed it on the short arm of chromosome 4, which is distinct to known floury mutants, i.e. fl1-fl3; consequently this newly identified mutant was designated floury4 (fl4).
Mature fl4 and wild type kernels were analyzed by scanning electron microscopy (SEM) to reveal their endosperm texture. In the peripheral endosperm, fl4 kernels had smooth, loosely packed starch granules (right panel, Figure 1B) , with no marked contacts between protein bodies and starch granules. The starch granules in the same region of wild type kernels were compact and embedded in a dense proteinaceous matrix (left panel, Figure   1B ). To investigate the distribution and configuration of protein bodies in fl4 and wild type, we observed the microstructure and ultrastructure of immature endosperm cells at 20 days after pollination (DAP) using optical and transmission electron microscopy (TEM). In wild type endosperm cells, protein bodies evenly surrounded the starch granules (left panel, Figure 1C ), and protein bodies were round and well separated from each other (left panels, Figure 1D ). In fl4 endosperm cells, protein bodies were aggregated in clumps (right panel, Figure 1C ), and were small, irregularly shaped and prominently adjoined (right panels, Figure 1D ). The results indicated there is no significant difference in the total protein content in wild type and opaque kernels. However, there is a general reduction in the amount of zeins, while the amount of nonzeins was found to be higher in fl4 kernels. Quantitative analysis showed that zeins were significantly decreased (19.6%) in fl4 kernels (Figure 2 A and B). We found no obvious difference in total starch content between opaque and wild type kernels, but there was a slight decrease in the percentage of amylose in total starch of fl4 ( Figure 2D ).
We analyzed soluble amino acids to determine if the reduced amount of zeins in fl4 caused an alteration in lysine content. The results showed that the amount of lysine was most significantly increased (45.7%), along with a higher amount of asparagine (37.2%) and a slightly increase in glycine (12.5%), and arginine (9.8%) content, while the leucine and proline content was decreased ( Figure 2C ). Figure 3A ). After characterizing a mapping population with a total of 144 individuals, Fl4 was mapped between SSR markers umc1758 (4 recombinants) and umc1288 (22 recombinants). Additional molecular markers InDel5.7, InDel5.57 and SNP5.51 were developed, and the Fl4 gene was eventually placed between SNP5.51 (1 recombinant) and InDel5.57 (2 recombinants), a region encompassing a physical distance of 60kb and containing the entire 19kD α -zein z1A-1 gene subfamily cluster in B73 ( Figure 3A ) (Song et al., 2002) .
Except for the z1A-1 genes, sequence analysis identified another predicted ORF (GRMZM2G353097) within this region ( Figure 3A) ; however, its candidacy as the fl4 gene was excluded due to no sequence difference between alleles in fl4 and wild type. Therefore, the 19kD α -zein genes within the z1A-1 gene cluster appeared to be candidate for the Fl4 locus.
The fl4 mutation is a defective signal peptide in a 19kD α -zein fl4 is a semi-dominant opaque mutant similar to fl2 and De-B30, which result from the alteration of zein polypeptides themselves (Coleman et al., 1997; Kim et al., 2004 Kim et al., , 2006 . The fl4 mutation is physically located within the 19kD Figure   3C ). The signal peptides are 21-amino acid sequences with a positively charged amino-terminal region, a central hydrophobic region, and a carboxy-terminal region that contains the signal peptidase cleavage site (Chou, 2001 ). Three of the 42 sequences exhibited a single nucleotide polymorphism (SNP) in the 21 st codon, which resulted in the amino acid Ala (GCG) being replaced by Thr (ACG) ( Figure 3C ). This mutation altered the highly conserved carboxy-terminal region containing the cleavage site, which could affect the proteolytic process of the signal peptide.
fl4 changes protein body morphology
The distribution of 19kD α -zeins within protein bodies was investigated using immuno-electron microscopy (IEM) and antibodies specifically raised against 19kD α -zeins to determine how the structure of protein bodies is affected in fl4.
Previous studies suggested that et al., 1999; Harding et al., 1999) . To test this, we investigated if the mutation in Fl4 affected these ER stress-related, cell-sparing processes.
Firstly, we used real-time PCR analysis of 19 DAP fl4 and wild-type endosperm to confirm the altered expression level of genes taking part in the ERAD system that showed the most significant differential expression in the RNA-seq data. Our results indicated that ERO1 (GRMZM2G108115) was 2.47-fold up-regulated, and PDIs (GRMZM2G389173) exhibited a 1.90-fold up-regulation. These two sharply up-regulated genes are involved in the ERAD pathway within ER lumen (Tsai and Rapoport, 2001; Tsai et al., 2001) . ER membrane localized proteins ZmDerlin1-1 (GRMZM2G117388) and Sec61 (GRMZM2G130987) (Kirst et al., 2005; Plemper et al., 1999) A summarized model is provided in Figure 8 .
At least some of the zeins with unprocessed signal peptides are stable and remain attached to the ER membrane (Lending and Larkins, 1992; Gillkin et al., 1997) . Here, they directly participates in the packaging and organization of zeins into protein bodies, disturbing the normal spatial distribution of different zein classes, and resulting in small, irregularly shaped protein bodies prominently aggregated into clumps ( Figure 1&4 ). These defective zeins which fail to achieve their native state still could be recognized by ER-resident chaperones as folding factors, and trigger intense ER stress ( Figure 5 ). Indeed, different ER stress pathways are induced in the endosperm, especially elevated PCD process, indicating a strong intensity of ER stress in the endosperm of these mutants ( Figure 6&7 ). These cell-sparing mechanisms for releasing ER overload condition could account for the decrease in the amount of storage proteins (Figure 2) . The presence of a defective zein signal peptide that disturbs protein body formation and decreases storage protein accumulation is responsible for the opaque endosperm phenotype.
Materials and Methods

Plant Materials
The 5512G mutant line was obtained from the Maize Genetics Cooperation stock center.
The mutation was crossed into the W22 genetic background and a F2 was produced from the F1 progeny to generate a mapping population. Kernels were collected from F2 ears. Kernels were genotyped using DNA extracted from half of the endosperm tissue with markers linked to fl4 locus to determine homozygous mutant (fl4/fl4) kernels, heterozygous (fl4/+) kernels or wild-type (+/+) kernels. All plants were cultivated in the field at the campus of Shanghai University. Immature seeds were harvested at 17, 18, 19, 20, 24 , and 36 DAP.
Scanning Electron Microscopy
fl4 and wild type kernels were prepared according to (Lending and Larkins, 1992) : mature maize kernels were rifted with a razor at the peripheral region and placed in 2.5% glutaraldehyde. Samples were critically dried and spray coated with gold. Gold-coated samples were then observed with a scanning electron microscope (S3400N; Hitachi).
Transmission Electron Microscopy
Immature kernels of fl4 and wild type were prepared according to (Lending and Larkins, 1992) , with some modifications: 20 DAP kernels of fl4 and wild type were fixed in paraformaldehyde and post-fixed in osmium tetraoxide. After dehydrated in an ethanol gradient, samples were then transferred to a propylene oxide solution along with gradually embedded in acrylic resin (London Resin Company). Sections (70 nm) of samples were made with a diamond knife microtome (Reichert Ultracut E). Sample sections were stained with uranyl acetate and post-stained with lead citrate. Sample sections were observed with a Hitachi H7600 transmission electron microscope.
Protein Quantification
Mature kernels of fl4 and wild type were soaked in water and endosperm was then separated from the embryo and pericarp. Endosperm samples were critically dried to constant weight, powdered in liquid N2, and measured according to (Wang et al., 2011) .
Proteins were extracted from 50 mg of pooled 3 flour endosperm samples. Extracted proteins were measured using a bicinchoninic acid protein assay kit (Pierce) according to the instructions. Measurements of all samples were replicated three times.
Measurement of starch
Mature kernels of fl4 and wild type were soaked in water, and endosperm was then separated from the embryo and pericarp. Endosperm samples were dried to constant weight, pulverized in liquid N2, and starch was extracted and measured using an amyloglucosidase /α-amylase method starch assay kit (Megazyme) according to the instructions adapted as: add 0.2 mL of aqueous ethanol (80 % v/v) to 100mg sample and aid dispersion; immediately add 3 mL of thermostable α -amylase. Incubate the tube in a boiling water bath for 6 min; place the tube in a bath at 50°C; add 0.1 mL amyloglucosidase; stir the tube on a vortex mixer and incubate at 50°C for 30 min; transfer duplicate aliquots (0.1 mL) of the diluted solution to the bottom, add 3.0 mL of GOPOD Reagent and incubate the tubes at 50°C for 20 min; read the absorbance for each sample, and the D-glucose control at 510 nm against the reagent blank.
Soluble amino acids analysis
Soluble amino acids were analyzed according to (Holding et al., 2010) : 3 mg sample were refluxed for 24 hr in 6N HCl. Samples were hydrolyzed at 110℃ for 24 hr. Sample hydrolysates were critically dried and dissolved in 10 ml of citrate buffer. The amino acids were analyzed with a Hitachi-L8900 amino acid analyzer at Shanghai Jiaotong University.
On the wt and opaque kernels analyses were replicated three times.
Map-Based Cloning
Using 144 individuals from a F2 mapping population from the cross between the 5512G stock and the W22 inbred line the Fl4 locus was mapped. For preliminary mapping, molecular markers distributed throughout maize chromosome 4 were used. SNP5.51, InDel5.57, and InDel5.7 (see Supplemental Table 2 online) as additional molecular markers for fine mapping, were developed to localize the Fl4 locus to a 60kb region.
RNA Extraction and real-time PCR Analysis
Total RNA was extracted with TRIzol reagent (Tiangen) and DNA was removed by a treatment with RNase free DNase I (Takara). Using ReverTra Ace reverse transcriptase (Toyobo) RNA was reverse transcribed to cDNA. Quantitative real-time PCR was performed with SYBR Green Real-Time PCR Master Mix (Toyobo) using a Mastercycler ep realplex 2 (Eppendorf) according to the standard protocol. Specific primers were designed (see Supplemental Table 2 online) and the experiments were performed to 2 independent RNA samples sets with ubiquitin as the reference gene. From a pool of kernels collected from three individual plants each RNA sample was extracted, for which three technical replicates were performed. A final volume of 20 mL contained 1 mL reverse transcribed cDNA (1 to 100 ng), 10 mL 23 SYBR Green PCR buffer, and 1.8 mL 10 mM/L forward and reverse primers for each sample. Relative quantifiable differences in gene expression was analyzed as described previously (Livak and Schmittgen, 2001) .
Polyclonal Antibodies
For anti-signal peptide antibody production, the specific polypeptide fragment of 19kD γ -zein were selected according to previous study (Woo et al., 2001) . The cDNAs responsible for selected polypeptides were cloned into pGEX-4T-1 (Amersham Biosciences), and GST-tagged fusion protein was purified with the AKTA purification system (GE Healthcare) using a GSTrap FF column. Protein expression and purification followed established procedures.
Antibodies were produced in rabbits according to standard protocols of Shanghai ImmunoGen Biological Technology.
Immunoblot Analysis
Proteins extracted from fl4 and wild type mature kernels were separated by SDS-PAGE. 
RNA-seq Analysis
Three fl4 or wild type biological repeats were pooled together. Library construction was performed according to Illumina standard instructions. Reads were aligned to the maize B73 genome using TopHat2 (Langmead et al., 2009) . Data were normalized as fragments per kilobase of exon per million fragments mapped (FPKM), for the sensitivity of RNA-seq depends on the transcript length. Significant differentially expressed genes (DEGs) were identified as genes with at least a 1.3-fold change in expression and p-value<0.05.
TUNEL Assays
TUNEL (terminal deoxyribonucleotidyl transferase-mediated dUTP nick-end labeling) assays were performed with the DeadEnd™ Fluorometric TUNEL System (Roche, Madison, WI, USA) according to standard instructions as follows: tissues were fixed at 4°C in 4% paraformaldehyde, containing 0.1% (v/v) Triton X-100 and Tween 20 and embedding in paraffin. 10μm microtome sections were dewaxed in xylene and pretreated with 20 mg/mL proteinase K. Two slides, treated with DNase I in 50 mM Tris-Cl, served as positive controls. Samples were observed with a Leica microscope.
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